Strong suppression of the effects caused by the internal electric field in ZnO/ZnMgO quantum wells following ion-implantation and rapid thermal annealing, is revealed by photoluminescence, time-resolved photoluminescence, and band structure calculations. The implantation and annealing induces Zn/Mg intermixing, resulting in graded quantum well interfaces. This reduces the quantum-confined Stark shift and increases electron-hole wavefunction overlap, which significantly reduces the exciton lifetime and increases the oscillator strength.
(Some figures in this article are in colour only in the electronic version)
ZnO is a semiconductor with a wide band-gap of 3.37 eV and a large exciton binding energy of 60 meV [1] , making it an ideal candidate for optoelectronic device applications in the blue and ultraviolet region. Until recently most attention concerning devices in this region has focused on GaN, which has properties very similar to ZnO, with a band-gap of 3.39 eV and exciton binding energy of 23.5 meV [2] . Quantum wells (QWs) based on ZnO and GaN typically have a large internal electric field due to a combination of the spontaneous polarization created by crystal inversion asymmetry and the piezoelectric field induced by the strain at the QW interfaces due to lattice mismatch. The resulting quantum-confined Stark effect (QCSE) red-shifts the optical transition, reduces the 1s exciton binding energy, and reduces the exciton oscillator strength by separating the wave functions of the electron and hole. This leads to reduced optical gain [3, 4] and presents a barrier to achieving greater efficiency in potential optoelectronic devices.
The internal electric field in ZnO/ZnMgO QWs has been measured to be 0.3-0.9 MV cm −1 depending on the Mg concentration in the barrier, and can be even greater in GaN based QWs. In InGaN/GaN QWs the piezoelectric field dominates the spontaneous field due to the large lattice mismatch and small difference in the spontaneous polarization of GaN and InN [5] . In GaN/AlGaN QWs the opposite is true, and the spontaneous polarization is the main source of the internal electric field. In ZnO/Zn 1−x Mg x O QWs the spontaneous and piezoelectric polarizations are in opposite directions, with the spontaneous polarization being roughly twice the piezoelectric contribution (P PE = −34x mC m −2 and P SP = 66x mC m −2 ) [6, 7] . It has been shown in both material systems [8] [9] [10] [11] [12] that for QWs approaching and wider than twice the Bohr radius the QCSE can counteract quantum confinement effects and push the optical transition up to several hundred meV below the excitonic band-gap of the bulk QW material [8, 12] . In wider QWs, exciton lifetimes are also significantly increased by the separation of the electron and hole wavefunctions and lifetimes up to 3 ms have been measured in 9.5 nm wide ZnO/Zn 0.78 Mg 0.22 O QWs [8] .
In this work we study the changes to the internal electric field effects following Zn/Mg intermixing in ZnO/ZnMgO • C in an Ar ambient for 60 s. For each well width, one sample was kept as a reference and one underwent the annealing process without any implantation [14] . Recent work has shown that this implantation and subsequent rapid thermal anneal induces Zn/Mg intermixing and causes a blueshift of the fundamental optical transition proportional to the ion dose received [14] . Comparisons of the reference samples and those annealed but with no ion-implantation showed little difference, indicating their thermal stability and absence of intermixing without ion-implantation.
Theoretical modeling of the interdiffusion was carried out and Mg diffusion lengths were calculated [14] . This modeling assumed that Fick's second law of diffusion applies, which implies that the diffusion lengths are the same independent of well width (L z ). We are therefore able to use these diffusion lengths (L d ) together with equation (1), which gives the diffused Mg composition profile across the QW, to determine the conduction band structure across the sample:
From figure 1 it can be seen that due to the changes in the composition and profile of the wells the potential minimum and hence the transition energies will be blue-shifted by an increasing amount as the well width decreases. This is confirmed by experimental results in GaAs/AlGaAs QWs [15] . However, in the case of ZnO/ZnMgO QWs, any decrease in the QCSE as a result of the intermixing will induce a further blueshift that increases with well width.
In general, it is expected that in multiple QW samples the internal electric field is reduced due to screening from neighboring quantum wells and is approximately proportional to the geometrical factor
, where L B is the barrier width and L W is the well width. In order to check that a reasonable measure of the electric field was made, MQWs with 50 nm barriers, which should limit the geometrical factor to 0.86 or greater for well widths up to 8 nm, were grown and used as a comparison for the unimplanted samples with 5 nm barriers. The peaks of the photoluminescence (PL) spectra for these wells are plotted as a function of well width in figure 2. The general trend for the transition energy is in agreement with previous results, as is the calculated electric field of 0.8 MV cm −1 (0.9 MV cm −1 for ZnO/Zn 0.78 Mg 0.22 O QWs [8] ). Also plotted in figure 2 is the exciton lifetime obtained from time-resolved PL measurements for each QW width. For well widths up to 3 nm, the lifetime is approximately constant at around 4 ns; however, when the well width approaches twice the Bohr radius (a B ≈ 2 nm [1, 10] ), the lifetimes begin to increase substantially (up to 18 μs at 8 nm) as the internal electric field separates the electron and hole wavefunctions.
The PL results from the reference samples with 5 nm barriers agree well with those from the samples with 50 nm barriers as can be seen in figure 3 where the PL peaks from the wide barrier sample are shown as a comparison. This indicates that any screening of the internal electric field is minimal, thereby allowing investigation of changes in the electric field with implantation.
The PL spectra (not shown here) show that as the implantation dose is increased, the spectral widths increase and, particularly in the 4 nm well, two peaks are present. Calculations of the displacement density as a function of depth for 80 keV oxygen ion irradiation show that the maximum dose is received only over a depth of 50-70 nm from the first QW [14] , meaning that with barrier thicknesses of 5 nm only the top 7-10 QWs receive the full implantation dose. This leads to the broad PL spectra observed, and to two main peaks corresponding to wells that received the full dose, and wells that received virtually no dose. The data points plotted in figure 3 represent the peaks corresponding to the wells that received the nominal ion dose. Figure 3 plots the PL peak energy as a function of well width for the reference samples with no implantation and each implantation dose from 5 × 10 14 to 1 × 10 16 cm −2 . For the reference samples it is apparent that for the 2 nm QW quantum confinement effects dominate and the transition is above the (increasing in energy respectively). The inset shows the PL peak-shift as a function of well width for each implantation dose.
ZnO bulk transition, whilst for the 4 nm well QCSEs dominate and the transition is pushed below the ZnO bulk transition. For all implantation doses, large blue-shifts, greater than 150 meV, are observed, and even for the smallest dose in the 4 nm QW the transitions are shifted above that for bulk ZnO. From figure 1 we notice that for the 4 nm well with an implantation dose of 5 × 10 14 cm −2 , the Mg concentration in the center of the well, and hence the well depth, are virtually unchanged from the reference sample. We might therefore expect only a small change in transition energy. However, the blue-shift in the 4 nm well is larger than the others, and places the transition above the ZnO bulk transition. This large blue-shift that increases with well width (as can be seen in the inset of figure 3) suggests that there must be a strong decrease in the QCS effects of the QCSE. Similar work in InGaN/GaN QWs [16] [17] [18] , where In/Ga interdiffusion is initiated by thermal annealing, show much smaller blue-shifts (<50 meV), despite the quantum-confined Stark shift being greater. This is because in the InGaN system, the electric field is much larger relative to the confinement potential, and any suppression of the QCSE by the altered potential profile is minimal.
Also plotted in figure 3 as dotted lines are the potential depths of the QWs in the absence of any internal field (based on the calculated Mg concentration) as a function of well width for the implantation doses 5 × 10 14 , 1 × 10 15 , and 1 × 10 16 cm −2 (increasing in energy respectively). These show that the transition energy measured as a function of well width for the samples that received an implantation dose of 5 × 10 14 cm −2 roughly follows the calculated well depth for this dose, offset only by the confinement potential, thus suggesting that the large quantum-confined Stark shift present in the as-grown samples has been largely eliminated. The results for higher implantation doses also follow the calculated QW depth as a function of well width, with the effects of quantum confinement decreasing as the amount of intermixing increases. This suggests that for greater implantation doses the extent of the quenching of the QCSE is no greater than that in the weakest implantation dose. It is anticipated, however, that for wider wells the region unaffected by the intermixing will increase for a given implantation dose, and the extent of the quenching of the QCSE will vary with increasing implantation dose. Figure 4 shows the calculated conduction band (CB) and valence band (VB) for the 4 nm QW before and after implantation with a dose of 5 × 10 14 cm −2 , assuming band offsets of E c / E v = 70/30. The internal electric field is assumed to be −0.8 MV cm −1 in the QW region (and 0.8 MV cm −1 in the barriers) for the as-grown well, and for the intermixed sample it varies linearly with the Mg content between −0.8 and 0.8 MV cm −1 for 0 x 0.3. 4 Using these potential profiles and m e = 0.28m 0 and m h = 0.78m 0 for the electron and hole effective masses [1] the energy levels and the electron and hole wavefunctions were calculated and are shown in figure 4 . When the exciton binding energy (∼60 meV) is taken into account, the calculated transition energies agree well with the measured value for the intermixed sample, and reasonably well for the as-grown sample. The calculated change in the transition energy of 167 meV is smaller than the measured value of ∼200 meV, but this neglects changes to the in-plane exciton binding energy, which can be up to tens of meV [8] . These calculations also show that the effective well width (defined as the width of the potential barrier at the energy level of interest) of the conduction band does not change as a result of the intermixing, whilst the effective well width in the valence band increases in the intermixed well. This confirms that the blue-shift observed is not due to changes in the effective well width, and indeed it can be seen in figure 4 that the altered potential profile prevents the lowering of the bottom of the well by the electric field; or in other words, it significantly quenches the QCSE.
Another implication of the QCSE is the separation of electron and hole wavefunctions, and hence increased lifetimes and reduced oscillator strengths. It can be seen from the calculations in figure 4 that the in-plane electron-hole overlap increases substantially as a result of the interdiffusion. (The overlap integral,
where f e and f h are the electron and hole envelope functions, increases by 70% from 0.027 to 0.046.) This implies that there should be a significant increase in the oscillator strength, and hence the gain available, and a reduction in the lifetimes in these samples. Indeed, small increases in the gain due to interdiffusion have been observed previously in InGaN/GaN QWs [16] . However, the increases were only small because the electric field still plays a major role in separating the electron and hole wavefunctions. We were not able to quantify the increase in oscillator strength in these ZnO QWs as the ion density received was not constant across the MQW samples. This meant that a different number of wells in each sample contributed to the signal at each energy. However, in each case the PL intensities at the energies reported in figure 3 were similar to or greater than the intensities for the reference samples (where all wells contributed to the signal), thereby indicating that the oscillator strengths were significantly enhanced by the intermixing.
We were, however, able to quantify the increase in electron-hole overlap by studying the emission lifetimes, which are proportional to the inverse square of the overlap integral [8] . The calculations suggest that for the sample that received an implantation dose of 5 × 10 14 cm −2 the lifetime should decrease by a factor of 2.9 as a result of the intermixing. The time-resolved PL (TRPL) results shown in figure 5 show the lifetime decreases from 35 ns to 11.8 ns, a factor of 3.0, in agreement with the calculations, and thereby confirming the increase in electron-hole overlap for the intermixed samples. The small difference in the lifetimes for higher implantation doses is also in agreement with the calculations, which show minimal changes to electron-hole overlaps for the calculated potential profiles.
We therefore conclude that the quantum-confined Stark effects of the internal electric field in ZnO/ZnMgO QWs are strongly suppressed by altering the QW profile as a result of Zn/Mg intermixing induced by ion-implantation and subsequent rapid thermal annealing. This is manifest in the large blue-shift that increases with increasing well width, and the increased electron-hole overlap which leads to major reductions of the exciton lifetime and increases in the optical oscillator strength. An important implication is that growth of ZnO/ZnMgO or (In)GaN/(Al)GaN QWs with parabolic shape will also suppress the effects of the electric field and allow the design of optoelectronic devices with greater optical gain.
